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Abstract 
The authors aim to develop muscle cell actuators driven by a photostimulation. Recently, bioactuators that exhibit self-organization 
have been attracting a lot of attention, because biological devices are expected to have significant abilities such as self-reproduction, 
self-repair, self-assembly. This study intends to create a Bio-robotic hybrid system which expresses the inherent superior 
characteristics of a living organism with less invasive control method. To do so, we develop an actuator for a robot with a muscle 
tissue of developing chick embryos. We observed that the muscle cell actuator is contracted by a blue light stimulation. 
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1. Introduction 
Living organisms change their bones, muscles and 
neurons by self-organization in order to adapt to their 
environment [1]. This process occurs not only at the 
level of the individual, but also on a cellular level, as 
prominent functions such as self-reproduction, self-
repair and self-assembly [2]. In Cell Biology, Engler et 
al. [3] found that ES cells recognize the mechanical 
strength of the substrate to which they adhere and in 
response to the stiffness of the scaffolding, differentiate 
into bones, muscles or neurons. 
However, most state-of-the-art robots are made of 
metals and semiconductors which are unable to 
dynamically change physical and chemical 
characteristics during operation so it is not possible to 
show the adaptive functionality of structural changes in 
the body itself. Because of this, to implement a robot 
with the adaptive functionality of a living organism 
derived from a mechanical system, robotics and control 
system technologies need to be combined to achieve a 
flexible intelligent mechanical system like that of a 
living organism [4][5][6]. 
Hence, this study will attempt the creation of a bio-
robot which expresses the inherent superior 
characteristics of a living organism with less invasive 
control method. To do so, we resulted in creation of the 
structure of muscle cell actuators as an initial stage of 
development of a biological device for a bio-robot. 
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Using mechanical stimulations that promotes cell 
differentiation, the design and construction of muscle 
actuators through self-organization became possible. 
Then, as the next step, we dealt with how to make the 
constructed actuators perform movements. In this study, 
by introducing “photostimulation” and “genetic 
engineering technology”, the construction of muscle cell 
actuators that allow the drive control at a specific site 
and with specific timing is attempted in such a way that 
cell damage is minimized. Specifically, the method of 
driving the actuators is the protein channelrhodopsin-2, 
which functions as light-gated ion channel [7] and is 
introduced into cultured myoblasts so cells can be 
synchronized to the stimulus pulse of blue light. Thus, 
unlike the existing technique for creating an electric field, 
this method drives more than just one particular region 
and it is expected that the continued operation of the 
minimally invasive actuator does less damage to cells. 
The main contribution of this paper is development of 
a muscle cell actuator toward biorobotic systems driven 
by photostimulations. More specifically, we here report 
on the deeply interesting experimental results as follows: 
(1) Creating the muscle actuator; (2) Driving the muscle 
actuator. The former of which is done by utilizing self-
organization induced by mechanical stimulations. In the 
latter of which, the movement of the channelrhodepsin-2 
gene-induced cultured muscle cells were synchronized to 
the light pulse. 
This paper is organized as follows: The related works 
are introduced in the section II; In the section III, 
creation of the muscle actuator is explained; Then, 
implementation of contraction function controlled with a 
photostimulation is presented in the section IV; And, the 
paper is finalized with conclusions and the future works. 
2. Related works 
Under this circumstance, several studies have been 
conducted in terms of muscle actuators toward 
biorobotic system. Kim et al. [8] used self-beating 
cardiomyocytes as a driving force. Rat heart myocytes 
were cultured on a skeletal frame of PDMS 
(polydimethylsiloxane), which is a type of silicon 
elastomer. Using the cells as a vibrating motor, a self-
propelled micro-robot was developed. Additionally, 
Kasamatsu et al. [9] used muscle cells driven by 
electrical stimulation. Filamentous structures of C2C12 
cells (mouse myoblast cell line, hereafter referred to as 
cultured myoblasts) encapsulated in collagen gel were 
fabricated, and an actuator driven by electrical 
stimulation was produced. However, in the former 
method, the timing of the drive control is difficult 
because of the continuous self-contraction of the cells. In 
the latter method, because of the creation of the direct 
electric field in the cultured medium, the difficulty was 
identifying the location to drive. In addition, there is a 
concern that problems such as the deterioration of the 
culture medium, or biological invasion may arise. 
3. Creating a muscle actuator 
This study intend to deal with a muscle cell actuator, 
which is made from cultured myoblasts by culturing and 
differentiating by exploiting mechanical stimulus 
response of muscle cells. In Cell Biology, recently, it is 
found that induction of differentiation into myofilament 
cells from a cultured myoblasts cells (i.e., C2C12). 
Based on this knowledge, we create the muscle actuator 
by fully exploiting self-organization induced by 
mechanical stimulations. 
3.1. Introducing a deformable PDMS chamber 
Here, we introduce a deformable PDMS chamber (see 
Fig.1(c)) for culturing muscle cells. The PDMS chamber 
has more elastic property in contrast with traditional 
plastic one. Therefore, the muscle cells cultured are 
stimulated mechanically by stretching the PDMS 
chamber. 
3.2. Development of a cell-stretching system 
In order to apply a stretching force to the muscles 
cells, we developed a cell-stretching system (see Fig.1). 
This system consists of a stretching equipment and a 
control box (Fig.1(a)). The stretching equipment is 
driven with a pulse motor (AR46AK-T10-1) and a worm 
drive. That mechanism is controlled with the control box, 
which includes a controller, a motor driver, and a power 
supply. 
3.3. Experimental procedure of cell-stretching 
Based on the above setting, we conducted culturing 
and differentiating the muscle cells as described below. 
Cultured myoblasts (derived from ATCC) were used for 
this experiment. A PDMS chamber was coated with 
gelatin and cells were seeded to a cell density of 5.0 * 
105 cells/chamber. The cells were cultured in DMEM 
(SIGMA) including 10% FCS (GIBCO), 1%PS 
(SIGMA) until they coated 90-100% of the chamber. 
After, for cytostatic activity, FCS was decreased to 3%. 
Then, cell-stretching was continued for 3 days (i.e., 72 
hours). 
3.4. Experimental result of cell-stretching 
After the above procedure, we obtained a string-like 
structure (see Fig.2, 3). As the Fig. 2 explains, we can 
observe large size (20mm) of a aggregation of muscle 
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cells. Here, we also confirmed that the Myf6 (Myogenic 
factor) increase after cell-stretching by qRT-PCR. This 
means that the structure obtained is possible to drive as a 
muscle cell actuator. In addition, Fig.4 indicates the 
experimental result with controlled trial. As you can see 
here, interestingly, these structures (i. e., Fig.3 and 4) are 
completely different. Note that mechanical stimulations 
promote differentiation of muscle cells. 
 
(a) Over view 
 
(b) Schematic of Control system 
 
(c) 3D CAD of the equipment and PDMS chamber 
Fig. 1. Photo and schematics of the cell-stretching system for induction 
of differentiation into myofilaments from a cultured myoblast C2C12 
under the periodic stretching forces. 
 
Fig. 2. Photo of the C2C12 on a PDMS chamber after 3 days of 
mechanical stimulations. 
 
Fig. 3. Photo of the C2C12 visualized by the microscope. As in the 
photo, large myofilament-like cells are indicated. This cells are 
cultured with mechanical stimulations. 
 
Fig. 4. Photo of the C2C12 visualized by the microscope. As in the 
photo, muscle cells are indicated. This cells are cultured without 
mechanical stimulations. 
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4. Driving a muscle actuator 
Therefore, the next step is how to drive the muscle 
cell actuator. To do so, here, we investigated the new 
technique of photostimulation as the driving method. 
4.1. Relationship between muscle contraction and ion 
channels in vivo 
In order to design the control method for the muscle 
actuator, understanding of the muscle contraction 
process in vivo is indispensable. Hence, here, we 
mention about the relationship between muscle 
contraction and ion channes in vivo. The following 
explains the process of muscle driving. Fig. 5 shows the 
muscle contraction process: (a) First, the muscle cell 
membrane receptor receives acetylcholine, which is a 
neurotransmitter at the nerve terminal that transmits a 
signal from the spinal cord, opening the sodium ion 
channel and causing the entry of sodium ions into the 
muscle cell membrane; (b) This produces an action 
potential which causes the voltage-sensitive calcium ion 
channel of the muscle cell membrane to open and an 
influx of calcium ions occurs; (c) Then, calcium ions are 
released from the endoplasmic reticulum; (d) This then 
causes muscle contraction triggered by the release of 
calcium ions from the sarcoplasmic reticulum.  
Thus, to use the muscle cells as a robotic actuator, it 
is necessary engineering method for controlling the ion 
channels. The muscle cell actuators which were 
manufactured for this experiment do not have neurons, 
therefore in order to drive the actuators, a different 
principle was used to produce an action potential. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 5. Schematic view of the muscle contraction process from the 
viewpoint of the ion transport. (a)The release of acetylcholine from the 
synapse, causing the entry of sodium ions into the muscle cell 
membrane. (b)Consequently, cells become excited, causing the entry 
of calcium ions into the membrane. (c)Then, calcium ions are released 
from the endoplasmic reticulum. (d)As a result, muscle contraction 
occurs. 
4.2. Schematic description of the driving of muscle by 
photostimulation 
In Biology, particularly in neuroscience, methods to 
stimulate parts of neurons easily, specifically and non-
invasively have been researched extensively. Recently, 
Yawo et al. [7] found that by introducing 
channelrhodopsin-2 into neurons, it is possible to fully 
synchronize with a continuous blue pulse 
photostimulation and cause a neuron action potential. 
Therefore, in this study, by using gene induction, 
channelrhodopsin-2 was expressed in a muscle tissue. 
This is shown in Fig. 6. The channel opens in response 
to light which produces a potential difference between 
the inside and the outside of the cell membrane. This 
causes an action potential(the same type of process after 
Fig. 5(b)) to be produced. 
 
Fig. 6. A schematic view for a contraction of the muscle cell actuator 
by a photostimulation. Channelrhodopsin-2 which works as both 
photoreceptor and ion channel is introduced. The channel is opened by 
a blue light stimulation. As a result, action potential is generated. 
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4.3. Characteristics of Channelrhodopsin-2 
Channelrhodopsin-2 is a protein that appears in the 
phytoplankton chlamydomonas, which lives in ponds. 
When the eyespots from these organisms are exposed to 
light, flagella react by moving closer to enable 
photosynthesis. The channelrhodopsin-2 in this study 
exists close to the eyespot. It is a protein that possesses 
both photoreceptors and ion channels and responds to a 
470nm blue light wavelength. When channelrhodopsin-2 
absorbs the light, the channel opens and allows positive 
ions such as hydrogen ions, sodium ions and calcium 
ions to pass through. When muscle cells express 
channelrhodopsin-2, an additional channel forms in the 
membrane to allow transport of positive ions into the 
cell, which allows easy production of an action potential. 
 
Fig. 7. Chick embryos with channelrhodopsin-2. Right one shows 
fluorescence imaging. 
 
Fig. 8. Contraction force by a muscle tissue when photostimulation 
were applied. 
4.4. Driving a muscle tissue by photostimulation 
This study intend to create a bio-robot which 
expresses the inherent superior characteristics of a living 
organism with less invasive control method. To do so, 
we develop a actuator for a robot with a muscle tissue of 
developing chick embryos. In this study, we drive the 
actuator by introducing “photostimulation” and “genetic 
engineering technology”. Specifically, the activation of a 
muscle tissue is triggered with the protein 
channelrhodopsin-2, which functions as light-gated ion 
channel [7] and is electroporated to prospective limb 
region of the developing chick embryos (Fig. 7). So the 
developed muscle tissue is driven by stimulus pulse of 
blue light. Thus, unlike the existing driving technique 
with creating an electric field, the proposed method is 
expected less damage to cells. The muscle tissue utilized 
for a actuator not only contract with specific timing, but 
also can control the contraction force by frequency 
changes of photostimulation(Fig. 8). 
5. Conclusion 
The main contribution of this paper is development of 
a muscle cell actuator toward biorobotic systems driven 
by photostimulations. More specifically, we here 
reported on the deeply interesting experimental results as 
follows: (1) Creating the muscle actuator; (2) Driving 
the muscle actuator. The former of which is done by 
utilizing self-organization induced by mechanical 
stimulations. In the latter of which, the movement of the 
channelrhodepsin-2 gene-induced cultured muscle cells 
were synchronized to the light pulse. 
Utilizing biological devices in real-world situations 
remains challenging. For example, cells are only capable 
of surviving in cell culture medium, hence it is necessary 
to maintain this state by changing the cell culture 
medium regularly. For upcoming experiments, it will be 
necessary to combine the current actuators with gel or 
PDMS in 3 dimensions and to also use optical fiber to 
create a device that can be controlled by pinpoint 
photostimulation. In the future, not only muscle cells as 
well as neurons will be used as circuits in biological 
devices and interaction between muscle cell actuators 
and neurons can be verified. 
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